TK (transketolase) undergoes inactivation during biocatalytic processes due to oxidation, substrate and product inhibition, reactivity of aldehyde substrates, irreversible inactivation at low pH, and dissociation of cofactors. However, the contribution of protein denaturation to each of these mechanisms is not fully understood. The urea-induced reversible denaturations of the apo-and holo-enzyme forms of the homodimeric Escherichia coli TK have been characterized, along with the reconstitution of holo-TK from the apoenzyme and cofactors. An unusual cofactor-bound yet inactive intermediate occurs on both the reconstitution and holo-TK denaturation pathways. The denaturation pathways of the holo-and apoenzymes converge at a second intermediate consisting of a partially denatured apo-homodimer. Preliminary investigation of the denaturation under oxidizing conditions reveals further complexity in the mechanisms of enzyme deactivation that occur under biocatalytic conditions.
Introduction
TK (transketolase) is present in all known organisms, linking glycolysis with the reductive pentose phosphate pathway [1] . It stereoselectively and reversibly catalyses the transfer of a two-carbon ketol group from a donor substrate to an aldose acceptor substrate. Formation of a new asymmetric carbon-carbon bond [2] makes TK attractive for use in the medium-scale industrial biocatalytic production of xylulose-5-phosphate [3] , and also for the synthesis of complex carbohydrates and sugar analogues [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Use of β-HPA (β-hydroxypyruvate) as the ketol donor renders the reaction irreversible [2, 15] , where Escherichia coli TK has a greater activity towards HPA than the homologous yeast or spinach enzymes [16] . The TPP (thiamin diphosphate) cofactor is regenerated in each catalytic cycle and so an additional mechanism for cofactor recycling is not required.
All TK structures determined to date are homodimeric, with each monomer comprising a PP (PP i -binding domain), Pyr (pyridinium-binding domain) and C-terminal domain [17] [18] [19] [20] . The enzyme binds a TPP and a bivalent metal ion at each of two identical active sites formed at the dimer interface from the PP and Pyr domains. Much of the catalytic mechanism, and the kinetics and thermodynamics of cofactor association are well understood for yeast TK in particular [2, [21] [22] [23] [24] . The TPP cofactor is bound in a 'V' conformation required for catalytic activity [25] .
We have recently constructed a de novo biocatalytic pathway from TK and a TAm (transaminase) that enables the synthesis of chiral aminodiols ( Figure 1 ) [26] , which is now being enhanced and evaluated for operation at an industrially useful scale. The application of directed evolution has also produced novel TK mutants capable of processing alternative aldehyde substrates (variation of R group) and thus into equivalent chiral aminodiols via the two sequential biotransformations. Such aminodiol functionality is present in many natural and synthetic biologically active molecules including antibiotics [27] , alkaloids [28] and amino sugars [29] . However, the biocatalytic synthesis of non-natural sugars and aminodiols using TK and TAm is kinetically slower than for the naturally catalysed reactions, and so the scale-up to industrial synthesis is partly hampered by the gradual loss of TK activity during the prolonged reaction times required.
Inactivation of TK during biocatalysis
TK is susceptible to oxidation [30] , inhibition by aldehyde substrates [5] , product inhibition [31] , irreversible inactivation at pH < 6.5 [4] , and dissociation of TPP cofactor upon removal of any excess [4] . These issues place a number of constraints on biocatalytic processes using TK, and the first three issues can in theory be addressed by use of reducing agents, substrate feeding, and in situ product removal [32] respectively. Enzyme immobilization is also an option that for some enzymes can stabilize the native state conformation and prolong activity [30] . The stability of substrates and products also add additional constraints in terms of the operating pH range and temperature for the biocatalytic process [3] .
Denaturation and biocatalysis
While chaotropic denaturants are not normally present in biocatalytic processes, the use of chemical denaturation enables us to determine the thermodynamic and structural relationships between species on an unfolding pathway, and these are likely to be similar to those that occur with other denaturants such as temperature and pH. The dissociation of cofactors, irreversible inactivation at pH < 6.5, and potentially even the susceptibility of TK to oxidation in biocatalytic processes, may relate directly to the structural stability and denaturation pathway of the enzyme. Various ongoing protein engineering strategies are currently being employed to overcome these stability/inactivation issues. However, we require further understanding of the processes leading to TK deactivation to be able to rationalize the enhanced mutants found and thus develop them further. We have recently characterized the denaturation pathway of the homodimeric E. coli TK under oxidizing and reducing conditions, and identified intermediate states that potentially give rise to the deactivation observed under biocatalytic conditions such as cofactor dissociation, oxidation and irreversible acid-denaturation.
Reconstitution of holo-TK from apo-TK
It is known that for the reconstitution of yeast holo-TK from the apoenzyme, an intermediate state forms in which the cofactors are bound but in an inactive conformation [33, 34] . Such an intermediate may form reversibly and, therefore, might also be expected to occur on the denaturation pathway of the enzyme. Initially, the reconstitution of yeast holo-TK was observed to proceed in two steps [35, 36] . The first step, which forms a catalytically inactive intermediate, in which cofactors are associated, was fast and reversible. The subsequent formation of the final catalytically active holo-TK is considerably slower. The mechanism of reconstitution was later found to depend on enzyme concentration such that the inactive intermediate state was either an incorrectly cofactorassociated dimer (TK♦TPP) 2 at high concentrations, or a correctly cofactor-associated monomer (holo-TK) 1 at low concentrations [37] . At physiological concentrations of the enzyme the first pathway is prevalent (Figure 2) , where (TK-TPP) 2 is an ensemble of intermediates with one or both TPP cofactors bound, and where the two TPP-binding sites exhibit negative co-operativity [33] .
We have recently examined the reconstitution of E. coli holo-TK from apo-TK and shown that it proceeds via a similar two-step mechanism to the yeast TK. During this reconstitution, the intrinsic fluorescence of the enzyme decreased for both steps and is presumed to result from an increased polar environment formed around Tyr 182 and Tyr 440 upon TPP and Mg 2+ binding [37] . Furthermore, two so-called cofactor-binding loops (residues 187-198 and 383-394) are disordered in the apo-TK structure and become ordered in the holo-TK structure [17, 18, 38] . Each of these two loops contains a tryptophan residue (Trp 196 and Trp 390 ), which interact with polar moieties from TPP, and residues Asn 403 and Glu 366 respectively, in the holo-TK structure. Speculatively, the two phases of reconstitution observed by fluorescence decrease may result from different contributions of the initial rapid binding of the cofactors, restructuring of the two cofactor-binding loops, plus any smaller rearrangements in cofactor-binding orientation or structural changes in TPP such as the formation of the active 'V' conformation.
Denaturation of apo-TK and holo-TK
Based on the principle of microscopic reversibility, it might be expected that the denaturation of holo-TK begins with all or part of the reconstitution pathway in reverse. In particular, the denaturation by urea was expected to proceed via an inactive and cofactor-associated intermediate prior to complete dissociation of the cofactors. However, it was unclear whether partially or fully urea-denatured protein structures would become thermodynamically populated in preference to the same states observed on the reconstitution pathway.
Previous studies with yeast TK indicated a denaturation process that occurs in only a single step at 6.5 M urea as observed by the intrinsic fluorescence intensity [34] . The absence from one of the cofactor-binding loops of yeast TK, of a tryptophan residue equivalent to Trp 196 in E. coli TK, suggested that the additional probe in the latter might enable an intermediate to be revealed by fluorescence. We have recently monitored the equilibrium urea denaturation of E. coli TK by intrinsic fluorescence. The intrinsic fluorescence revealed three transitions for holo-TK, the first of which was not present for apo-TK. These results indicated the accumulation of an intermediate state at 3-3.5 M urea for both apo-TK and holo-TK, and also an early transition to an intermediate state at 2 M urea for only the holo-TK. Comparison with the homologous yeast TK also suggests that the yeast enzyme might also denature via the same intermediates and that they were not observed previously when measured only by fluorescence intensity. 
The inactive cofactor-associated intermediate
The denaturation pathway for E. coli TK was further investigated by enzyme activity measurements, CD, SEC (sizeexclusion chromatography) and DLS (dynamic light scattering) [39] . It was found that holo-TK becomes inactive at 2 M urea, but that there is no significant change to the secondarystructure content or hydrodynamic radius of holo-TK between 0 and 2 M urea as measured by CD and SEC respectively. Therefore inactivation of the holo-TK enzyme at 2 M urea affects only the fluorescence intensity. By contrast, apo-TK undergoes 20% loss of secondary structure at 2 M urea as measured by CD, although there is no discernible change in fluorescence or hydrodynamic radius as measured by SEC.
Collectively these results indicate a partial denaturation of apo-TK secondary structure at 2 M urea that does not occur for holo-TK, but also that the cofactor is altered in holo-TK at 2 M urea without a significant change in secondary-structure content. An inactive equilibrium intermediate at 2 M urea in which only the cofactor binding or structure is altered without significant change in protein structure, is consistent with the transient intermediate formed during reconstitution of the holo-TK from apo-TK and cofactors. Assuming that denaturation of the two cofactor-binding loops would lead to the observed difference between the CD spectra of apo-TK and holo-TK, then we can speculate that they are structured in the transient intermediate during reconstitution, and also in the equilibrium intermediate at 2 M urea. Interestingly, holo-TK does not denature via the native apo-TK form. Instead, both proteins denature to a partially denatured and yet dimeric form at 3.2-3.8 M urea. This dimer has approx. 50% of the native holo-TK secondary structure and a 3-fold greater hydrodynamic radius. Increasing the concentration of urea to 7.2 M results in essentially random coil with a hydrodynamic radius decrease to only 2-fold greater than the native enzyme. No protein concentration dependencies on fluorescence or SEC peak ratios were observed for any of the transitions over the range 0.02-2.0 mg · ml −1 . Without further structural analysis, the nature of this dimer can only be speculated. TK contains three domains. The PP and Pyr domains form the active sites and are also responsible for the formation of the dimer. Very few contacts are made between the two chains in the C-terminal domain. Therefore it is possible that, at 3.2 M urea, the C-terminal domain becomes fully denatured, leaving a more stable PP and Pyr domain core largely intact and dimeric.
The dimeric non-native apo-TK intermediate
Overall, the results suggest a TK denaturation pathway shown in Figure 3 that begins with the reverse of the reconstitution pathway shown in Figure 2 .
Denaturation under oxidizing conditions
Denaturation of holo-TK in the absence of dithiothreitol was found to produce a similar fluorescence intensity profile with three transitions as found in the presence of the reducing agent. However, refolding of the protein from the intermediate state at 3.8 M urea was completely inhibited. Inactivation of the enzyme is known to occur under oxidizing conditions during biocatalysis with a t ½ (half-life) of approx. 10 h [30] , and it was proposed that this was due to oxidation of a cysteine residue close to the enzyme active site. While this mechanism could indeed take place, it is also possible that inactivation under oxidizing conditions occurs due to irreversible denaturation in the bioreactor. However, further work is required to delineate the relative contributions of these mechanisms.
Outlook for biocatalysis and protein engineering
The gradual loss of TK activity in the absence of excess cofactor was previously ascribed simply to the complete dissociation of cofactor [4] . However, our results show that the dissociation of cofactor is likely to occur via an inactive yet cofactor-associated intermediate, which also occurs on the reconstitution pathway from apo-TK. Determination of the exact structural nature of the intermediate state in future will enable regions of structure to be pinpointed for mutagenesis aimed at increasing the stability of the native state. In the meantime enzyme inactivation due to cofactor loss during biocatalytic processes could potentially be minimized by improving the interactions of the cofactors and the two binding loops. Further study of the acid and temperature denaturation of TK will aim to identify any key differences to the urea denaturation pathway and identify the best strategy for improving the stability of the enzyme under extremes of pH and temperature.
